Glycine N-methyltransferase (GNMT) has a role in the metabolism of methionine as well as in gluconeogenesis. It has recently been reported that the GNMT gene acts as a tumor-susceptible gene. However, little is known about the specific function of GNMT in carcinogenesis and malignant progression. To better our understanding of the function of GNMT in prostate cancer, we used siRNAs to examine the effects of GNMT knockdown on cell proliferation and the cell cycle. In addition, the relation between immunohistochemical GNMT expression and clinicopathologic parameters was investigated in 148 prostate cancer tissues. Here, we show that siRNAmediated GNMT knockdown results in an inhibition of proliferation, and induces G1 arrest and apoptosis in prostate cancer cell lines. Moreover, high cytoplasmic GNMT expression was also correlated with a higher Gleason score (Po0.001) and higher pT stage (P ¼ 0.027). The patients with high GNMT cytoplasmic expression showed significantly lower disease-free survival rates than patients with low expression (Po0.001). High GNMT cytoplasmic expression had a significant impact on patient disease-free survival in multivariate analysis (P ¼ 0.005). This is the first investigation to reveal the novel finding that GNMT may have an important role in promoting prostate cancer cell growth via the regulation of apoptosis and contribute to the progression of prostate cancer. The modulation of GNMT expression or function may be a strategy for developing novel therapeutics for prostate cancer. GNMT may represent a novel marker of malignant progression and poor prognosis in prostate cancer.
Prostate cancer is one of the most common solid cancers. 1, 2 Most men with this tumor have a somewhat better prognosis, and it is becoming clear that some men may even not benefit from either the diagnosis or treatment of prostate cancer. In patients with localized prostate cancer, operative therapy is effective; however, a substantial number of patients will experience recurrent disease. 3 Recurrence in patients with prostate cancer is still difficult to predict, and the emergence of effective new approaches for therapy will depend on clarification of the mechanisms involved in the progression of this cancer.
Although gene and protein expression have been extensively profiled in prostate cancer, little is known about the global metabolomic alterations that are involved in the progression. Metabolomics is particularly valuable for cancer research because individual metabolites represent end points of the molecular pathways that are perturbed by other factors such as the genome, transcriptome, and proteome. 4 Sreekumar et al have profiled 41126 metabolites across 262 clinical samples related to prostate cancer. Sarcosine, an N-methyl derivative of the amino-acid glycine, was identified as a differential metabolite that was highly increased during prostate cancer progression to metastasis and could be detected in urine. 5 Sarcosine levels were also found to be increased in invasive prostate cancer cell lines relative to benign prostate epithelial cells. 5 Glycine N-methyltransferase (GNMT) is a 295-amino-acid protein that catalyzes the methylation of glycine by using S-adenosylmethionine to form sarcosine (N-methylglycine) with the concomitant production of S-adenosylhomocysteine. GNMT was identified as a cytosolic protein, and the enzyme has been suggested to have an important role in the metabolism of methionine in the liver. 6, 7 It has been postulated that GNMT is involved in gluconeogenesis in the liver and kidney. 8 Knockdown of GNMT in the prostate cancer cell line by RNA interference attenuated prostate cancer invasion in the cell invasion assay. 5 Their data are suggestive of a link between cancer progression and GNMT activity.
By contrast, the expression of GNMT has been observed to be downregulated in a human hepatocellular carcinoma cell line and tissue. 9 A loss of heterozygosity at the GNMT in pairs of normal and tumor tissue from HCC patients has also been observed, 10 and GNMT knockout mice develop liver cancer.
11 A significant proportion of human prostate cancers show a loss of heterozygosity of the GNMT gene. 12 Furthermore, immunohistochemical results show abundant GNMT expression in normal tissues, whereas this expression is diminished in prostate cancer tissues 12 and cholangiocarcinoma tissues. 13 These studies suggest that GNMT is a tumor susceptibility gene for prostate cancer. GNMT had different roles in carcinogenesis and progression between the studies of Sreekumar et al 5 and those of others. 10, 12, 13 It therefore remains controversial whether the GNMT gene is tumor susceptible.
It is therefore necessary to determine the significance of GNMT in prostate cancer carcinogenesis and progression. In this study, we used siRNAs to examine the effects of GNMT knockdown on cell proliferation and the cell cycle. Furthermore, the relationship between immunohistochemical GNMT expression and clinicopathologic parameters was investigated in prostate cancer tissues.
Materials and methods

Cell Culture
Human normal prostate epithelial RWPE-1 (keratinocyte serum-free medium), human prostate cancer PC-3 (Eagle's Minimal Essential Medium, MEM), DU145 (Dulbecco's Modified Eagle's Medium, DMEM), VCaP (DMEM), 22Rv1 (RPMI1640), and LNCaP cells (RPMI1640) were cultured in the media as indicated in the parentheses. These media were purchased from Invitrogen (San Diego, CA, USA) and contained 10% fetal bovine serum. The cell lines were maintained in a 5% CO 2 atmosphere at 371C.
Antibodies
Anti-GNMT (sc-68871, rabbit polyclonal) and anti-PARP (sc-1561, goat polyclonal) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-cleaved-PARP (anti-PARP p85 fragment pAb, G7341, rabbit polyclonal) and anti-bactin (A5441, mouse monoclonal) antibodies were purchased from Promega (Madison, WI, USA) and Sigma (St Louis, MO, USA), respectively.
Western Blotting
Whole-cell extracts were prepared as previously described. [14] [15] [16] The protein concentrations were determined using a Protein Assay Kit (Bio-Rad, Hercules, CA, USA) based on Bradford's method. Whole-cell extracts (30 mg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidine difluoride microporous membranes (Micron Separations, Westborough, MA, USA) using a semidry blotter. The blotted membranes were incubated for 1 h at room temperature with a primary antibody. Membranes were then incubated for 40 min at room temperature with a peroxidase-conjugated secondary antibody. The bound antibody was visualized using an ECL kit (GE Healthcare Bio-Science, Piscataway, NJ, USA), and membranes were exposed to Kodak X-OMAT film.
Knockdown Analysis Using siRNAs
Knockdown analysis using siRNA was performed as described previously. [14] [15] [16] The following doublestranded RNA 25-basepair oligonucleotides were commercially generated (Invitrogen): 5 0 -AAGUGAG CGAAACUGUUUCCAAGGC-3 0 (sense) and 5 0 -GCCU UGGAAACAGUUUCGCUCACUU-3 0 (antisense) for GNMT siRNA #1; 5 0 -AUGUUGUGACGUCCUUGGU CAAGUC-3 0 (sense) and 5 0 -GACUUGACCAAGGAC GUCACAACAU-3 0 (antisense) for GNMT siRNA #2. RWPE-1, PC-3, and LNCaP cells were transfected with the indicated amounts of siRNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Cell Proliferation Assay
The cell proliferation assay was performed as described previously.
14,15 RWPE-1, PC-3, and LNCaP cells (2.5 Â 10 4 ) were seeded in 12-well plates and transfected with 40 nmol/l of siRNA, as described above. Twelve-hour post-transfection was set as 0 h. The cells were harvested with trypsin and counted daily using a cell counter (Beckman Coulter, Fullerton, CA, USA). The results were normalized to cell counts at 0 h, and are representative of at least three independent experiments.
Flow Cytometry
Knockdown analysis using siRNA was performed as described previously.
14 RWPE-1, PC-3, and LNCaP cells (2.5 Â 10 5 ) were seeded in six-well plates, transfected with the 40 nmol/l of siRNA, and cultured for 72 h. The cells were harvested, washed twice with ice-cold phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin (BSA), and resuspended in 70% ethanol. After being washed twice with ice-cold PBS, cells were resuspended in PBS containing 0.1% BSA, incubated with RNase, and stained with propidium iodide (Sigma). Cells were analyzed using a FACS Calibur (BD Biosciences, San Jose, CA, USA).
Tissues and Clinical Data
The subjects were 148 patients who received radical prostatectomy with no chemotherapy or hormonal therapy before the operation at the Kyushu University hospital, Japan, between 1997 and 2006 and who had enough cancer area for the evaluation of immunohistochemistry (Table 1 ). All patients underwent surgery for clinically localized prostate cancer as determined by pre-operative prostatespecific antigen (PSA) concentrations, digital rectal examination, and prostate needle biopsy. All prostatectomy specimens were completely reviewed to establish the stage and grade of the respective prostate cancers. Slides for this study were prepared from the prostate blocks that contained the largest and representative area of the tumor and adjacent normal epithelium. We removed identifying information from all samples for privacy protection. This study was conducted in accordance with the Ethical Guidelines for Human Genome/Gene Research enacted by the Japanese Government. This study was conducted in accordance with the institutional review board approval.
Four patients received hormonal therapy after surgery. The follow-up period for 16 patients was o2 years. We excluded these 20 patients from disease-free survival analysis. Follow-up data were available for 128 patients. They were monitored for serum PSA. A PSA level 40.4 ng/ml was defined as PSA recurrence. Recurrence was found in 20% (26/ 128) of patients. The median follow-up period of patients still relapse free at the end of analysis was 49.5 months (mean: 50.0 months).
Immunohistochemistry
Immunohistochemistry was performed using the streptavidin-biotin-peroxidase method with a Histofine streptavidin-biotin-peroxidase kit (Nichirei, Tokyo, Japan). The primary antibody used in this study were anti-GNMT antibody (dilution 1:50). Sections, 4 mm thick, from 10% formalin-fixed, paraffin-embedded material were deparaffinized in xylene and rehydrated through ethanol. Endogenous peroxidase activity was then blocked by methanol containing 0.3% hydrogen peroxidase for 30 min. After exposure to 10% nonimmunized goat serum in PBS for 10 min, the sections were incubated at 41C overnight with the primary antibody. The sections were then incubated with the second antibody for 20 min. The reaction products were visualized by diaminobenzidine tetrahydrochloride as a chromogen. Finally, the sections were counterstained with hematoxylin.
Immunohistochemical Analysis
To assess the GNMT expression, we evaluated cytoplasmic and nuclear staining. The cytoplasmic expression levels of GNMT were semi-quantitatively scored using an immunoreactivity score; a combined score obtained from the values of the mean staining intensity and the percentage of positive staining cells. The percentage score represented as follow: 0, negative; 1, o10%; 2, 10-25%; 3, 26-50%; 4, 51-75%; 5, 475%. The intensity score represented as follow: 0, none; 1, weak; 2, moderate; 3, strong. Finally, high cytoplasmic expression of GNMT was defined as an immunoreactivity score of 45.
For scoring GNMT nuclear expression, tumors were considered positive when 410% of cells showed nuclear expression.
Statistical Analysis
We used Fisher's extact test and the w 2 test for statistical analysis of the correlations between immunohistochemical GNMT expression and the clinicopathologic parameters. Disease-free survival was taken as the time between surgery and the date of the last follow-up or PSA recurrence by disease. The survival curve was calculated by the Kaplan-Meier method, and the significance was analyzed by log-rank test. The Cox proportional hazards model was used for multivariate survival analysis, in which we estimated the following variables: GNMT expression, age, pre-operative PSA concentration, Gleason score, pT stage, and surgical margin. P-values o0.05 were considered significant. GNMT siRNA #2 
GNMT Knockdown Suppresses Prostate Cancer Cell Proliferation and Induces Cellular Apoptosis in Prostate Cancer Cells
To investigate the role of GNMT in prostate cancer cell growth, we performed GNMT knockdown and counted the cell numbers after culture for the indicated times. First, we confirmed the efficiencies of two kinds of GNMT-specific siRNA by western blot analysis. As shown in Figure 1b , GNMT-specific siRNA successfully suppressed GNMT expression in RWPE-1, PC-3, and LNCaP cells. Using these GNMTspecific siRNAs, we found that cell proliferation of both PC-3 and LNCaP cells transfected with GNMTspecific siRNAs was apparently decreased, while suppression of GNMT expression induced little effect on RWPE-1 cell growth (Figure 1c) . These results led us to carry out flow cytometry analyses to investigate the mechanism by which GNMT knockdown retarded cell growth and decreased the cell number in prostate cancer cells, especially in PC-3 cells. Silencing of GNMT expression in RWPE-1 cells led to slight increases in the G1 fraction (Figure 2a ). In contrast, GNMT knockdown in PC-3, androgen-independent prostate cancer cells, induced prominent increases in the sub-G1 fraction, indicating cellular death (Figure 2b ). In addition, suppression of GNMT expression in LNCaP, androgen-dependent prostate cancer cells, also exhibited moderate increases in sub-G1 and G1 fractions (Figure 2c) . To investigate the mechanism of cellular death by GNMT silencing, immunoblotting using an antibody against cleaved PARP, which indicates the presence of degradation products from the caspase cascade, was used. After GNMT knockdown, RWPE-1, PC-3, and LNCaP cells were subjected to analysis. GNMT knockdown induced cleavage of PARP in prostate cancer cells, especially in PC-3 cells, but not in REPW-1 cells (Figure 2d ).
GNMT Expression in the Cytoplasm and Nucleus of Prostate Epithelial Cells and Cancer Cells
GNMT expression was vague level in the cytoplasm of normal prostatic epithelium (Figure 3a The cytoplasmic and nuclear expression were significantly higher in the cancer than the benign glands (Po0.001; Table 2 ).
Clinicopathological Parameters and Disease-Free Survival Analysis
We have summarized the correlations between GNMT expression and clinicopathological parameters in Table 3 . Higher GNMT cytoplasmic expression was associated with a higher Gleason score (Po0.001) and higher pT stage (P ¼ 0.027). Nuclear expression of GNMT was not associated with pre-operative PSA concentration, Gleason score, or stage. PSA recurrence was found in 31.4% (22/70) of individuals with high GNMT cytoplasmic expression, whereas PSA recurrence was found in only 6.9% (4/58) of individuals with low GNMT cytoplasmic expression. Patients with high GNMT cytoplasmic expression had lower disease-free survival rates compared with the low-expression group (log-rank test, Po0.001; Figure 3c) . The difference was not significant between the negative and positive nuclear expression groups (log-rank test, P ¼ 0.745). The Cox proportional hazards model revealed that high GNMT cytoplasmic expression (P ¼ 0.005), high PSA level (Po0.001), and highgrade Gleason (P ¼ 0.011) are independent prognostic factors (Table 4) .
Discussion
To our knowledge, this is the first analysis to show that the GNMT is linked with prostate cancer proliferation and contributes to carcinogenesis and progression of prostate cancer.
We have found that siRNA-mediated GNMT knockdown results in complete inhibition of the proliferation of cancer cell lines but minimal inhibition of benign cell line (Figure 1c) . Furthermore, flow cytometry analysis showed that silencing of GNMT expression by siRNA in prostate cancer cells induces a prominent increase in the sub-G1 fraction (Figure 2b) . GNMT knockdown induced cleavage of PARP in prostate cancer cells ( Figure  2d ). The increase in the sub-G1 fraction and the induction of cleavage of PARP were more prominent in more aggressive, androgen-independent prostate cancer cell lines PC-3 than in less aggressive, androgen-dependent LNCaP. PARP helps cells to maintain their viability. In contrast, cleavage of PARP facilitates cellular disassembly and serves as a marker of cells undergoing apoptosis. 17 These findings indicate that the silencing of GNMT expression by siRNA induces apoptosis in more aggressive prostate cancer cells. GNMT may have an important role in promoting prostate cancer cell growth via the regulation of apoptosis. Our results seem to disagree with previous findings that GNMT is a tumor susceptibility gene, [10] [11] [12] but agree with the previous findings that GNMT activity is linked with the progression of cancer. 5 According to our findings, we hypothesize that GNMT expression may correlate with malignant progression and prognosis. We therefore examined whether immunohistochemical GNMT expression is correlated with progression and prognosis in prostate cancer tissues.
Sixteen tissues from different human organs showed by northern blot analysis of 16 tissues from different human organs showed that GNMT was expressed only in the liver, pancreas, and prostate. 18 This group has reported that GNMT expression is localized in the cytoplasm of hepatocytes 19 and in both the cytoplasm and nucleus of prostate epithelium. 12 Their findings are consistent with our immunohistochemical data, indicating that GNMT expression is predominantly located in the cytoplasm and scattered in the nuclei of prostate cells.
Huang et al 12 have reported that immunohistochemical results show abundant GNMT expression in normal prostatic and benign prostatic hyperplasia tissues, whereas its expression is diminished in prostate cancer tissues. In our study, GNMT expression was predominantly low in normal prostatic tissues, whereas it was predominantly high in the prostate cancer tissues (Table 2 ). In addition, the cytoplasmic expression of GNMT contributes to a higher Gleason score, a higher pT stage, and a prognosis of disease-free survival (Tables 3 and 4 ; Figure 3c ). Our results support the finding that sarcosine, which is generated from glycine through the enzymatic activity of GNMT, could potentially be used for the diagnosis and prediction of prognosis in prostate cancer. 5 One might ask why GNMT expression differentially affected prostate normal epithelium and cancer in the studies by both Huang et al 12 and us. The reasons for this discrepancy remain unclear at present. However, our western blotting data showed that GNMT expression is more abundant in prostate cancer cell lines than in a normal prostate epithelial cell line (Figure 1a ). This finding is consistent with our immunohistochemical data. Furthermore, the specificity of GNMT antibody in our study was demonstrated, as GNMT-specific siRNA successfully suppressed GNMT expression in normal prostate and cancer cells by western blotting (Figure 1b) . This discrepancy might have been caused by the different interpretation of immunohistochemical results. They evaluated only the cytoplasmic expression of GNMT, 12 while we evaluated both the cytoplasmic and the nuclear expression, respectively.
The nuclear expression of GNMT was more abundant in prostate cancer compared with normal prostate tissue (Table 2), thus indicating that GNMT nuclear expression may be linked with The specific function of the nuclear localization of GNMT is unknown at present. Further analysis will clarify the specific function of the nuclear localization of GNMT.
In conclusion, our findings demonstrate that GNMT may have an important role in promoting prostate cancer cell growth via the regulation of apoptosis. The modulation of GNMT expression or function may provide a strategy for developing novel therapeutics for prostate cancer. Furthermore, GNMT may represent a novel marker of malignant progression and poor prognosis in prostate cancer.
